T he lumbar pedicle screw fixation system has become the gold standard technique for spinal fusion in the treatment of various spinal disorders. Despite the advantage of biomechanical stability using pedicle screws, screw loosening continues to occur, particularly in patients with poor bone quality, leading to loss of correction and nonunion. Achieving optimal implant fixation within osteoporotic bone presents a substantial challenge to spine surgeons. Biomechanical studies have revealed factors affecting the fixation ability of pedicle screws, such as screw mechanical properties, 4,13 the anatomical characteristics of the vertebral body and pedicle, 6,8 and the screw insertion technique. One optional method of enhancing the fixation strength of the screw-bone interface is abbreviatioNS BMD = bone mineral density; CBT = cortical bone trajectory; DEXA = dual-energy x-ray absorptiometry; FE = finite element; POS = pullout strength; TLIF = transforaminal lumbar interbody fusion; TT = traditional trajectory. Submitted October 29, 2014. accepted January 19, 2015. iNclude wheN citiNg Published online July 10, 2015; DOI: 10.3171/2015.1.SPINE141103. diScloSure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. obJect Cortical bone trajectory (CBT) maximizes thread contact with the cortical bone surface and provides increased fixation strength. Even though the superior stability of axial screw fixation has been demonstrated, little is known about the biomechanical stiffness against multidirectional loading or its characteristics within a unit construct. The purpose of the present study was to quantitatively evaluate the anchorage performance of CBT by the finite element (FE) method. methodS Thirty FE models of L-4 vertebrae from human spines (mean age [± SD] 60.9 ± 18.7 years, 14 men and 16 women) were computationally created and pedicle screws were placed using the traditional trajectory (TT) and CBT. The TT screw was 6.5 mm in diameter and 40 mm in length, and the CBT screw was 5.5 mm in diameter and 35 mm in length. To make a valid comparison, the same shape of screw was inserted into the same pedicle in each subject. First, the fixation strength of a single pedicle screw was compared by axial pullout and multidirectional loading tests. Next, vertebral fixation strength within a construct was examined by simulating the motions of flexion, extension, lateral bending, and axial rotation. reSultS CBT demonstrated a 26.4% greater mean pullout strength (POS; p = 0.003) than TT, and also showed a mean 27.8% stronger stiffness (p < 0.05) during cephalocaudal loading and 140.2% stronger stiffness (p < 0.001) during mediolateral loading. The CBT construct had superior resistance to flexion and extension loading and inferior resistance to lateral bending and axial rotation. The vertebral fixation strength of the construct was significantly correlated with bone mineral density of the femoral neck and the POS of a single screw. coNcluSioNS CBT demonstrated superior fixation strength for each individual screw and sufficient stiffness in flexion and extension within a construct. The TT construct was superior to the CBT construct during lateral bending and axial rotation.
modification of the screw track, involving pilot hole size and pretapped hole size selections before screw insertion. It has been recognized that a pilot hole size smaller than the core diameter of the screw, and undertapping of a pilot hole, improve the screw pullout strength (POS).
5,23
More dramatically, altering the transpedicular screw path from the traditional trajectory (TT), which follows the anatomical axis of the pedicle, is an important factor influencing screw stability. Several authors have reported that insertion of the screw vertically without convergence showed greater pullout load than a standard centered trajectory.
11, 24 Wu et al. also investigated the stiffness of screw-bone fixation among different sagittal directions of screw placement. 28 They concluded that screw insertion aimed toward the superior aspect of the vertebral body provided the best rigidity. From these studies, it has been recognized that variations in bone mineral density (BMD) within the vertebral body may have a major role in the biomechanical stiffness of the screw-bone interface.
Recently, a novel lumbar pedicle screw path named the cortical bone trajectory (CBT) was advocated by Santoni et al. in 2009 . 22 CBT follows a mediolaterally and caudocranially directed path through the pedicle and maximizes thread contact with the highest concentration of cortical bone. Additionally, screw insertion through a medial starting point offers advantages to avoid wide exposure of the superior facet joint and to minimize muscle dissection, providing minimal invasiveness. 20 A biomechanical study of CBT revealed a 30% increase in axial pullout load compared with that for TT in the cadaveric lumbar spine. 22 It has also been reported, in terms of mechanical behavior in vivo, that the insertional torque of pedicle screws using the CBT technique was 71% higher than that of the TT technique. 19 Even though the superior stability of axial screw fixation using CBT has been demonstrated, little is known about the biomechanical stiffness of the screw-bone interface against multidirectional loading. Furthermore, there are some concerns about the fixation stability of CBT. CBT screws are shorter than TT screws and are inserted divergently, resulting in a short lever arm from the median axis; however, not much research has been conducted to clarify fundamental characteristics of CBT within a screw-vertebra construct. The objective of the present study was to quantitatively evaluate CBT screw stability by the finite element (FE) method and to elucidate its advantages and drawbacks.
methods
The CT scans of 30 patients were selected to include a range of ages and values of BMD. These patients included 14 men and 16 women, with a mean age (± SD) of 60.9 ± 18.7 years (range 24-88 years), who underwent surgery for degenerative spinal disorders. Patients who had previously undergone surgery or were diagnosed with vertebral malformation or metastases were excluded. In each case, a CT scan was taken with a slice thickness of 1 mm, and BMD in the femoral neck and lumbar spine was measured by dual-energy x-ray absorptiometry (DEXA) before the surgery. The study received ethics committee approval from the National Defense Medical College and all patients provided signed informed consent.
Finite element models
Three-dimensional FE models of L-4 vertebrae were constructed from the patients' CT data using Mechanical Finder software (version 6.2, extended edition; Research Center of Computational Mechanics). The models were divided into 0.5-1-mm tetrahedral solid elements with 150,000-200,000 nodes and 800,000-1,000,000 solid elements. To obtain the geometrical data of the vertebra, the BMD of each element was computed from the Hounsfield unit values in CT. Also, Young's modulus and the yield stress of each element were employed from a previous study by Keyak et al., 12 and Poisson's ratio of each element was set as 0.4. Then, each vertebra was implanted with a pedicle screw (SOLERA Spinal System; Medtronic) that is designed with cortical thread at the proximal shaft and cancellous thread at the screw tip. The FE models of the pedicle screw were developed from micro-CT data and were also divided into 0.5-1-mm tetrahedral solid elements. These screws were assumed to have the material properties of cobalt chromium alloy with Young's modulus of 220 GPa, yield stress of 900 MPa, and Poisson's ratio of 0.33, 18 which is the same properties as the SOL-ERA Spinal System. The screw-bone interface was modeled using surface-to-surface contact (not bonded) condition and the friction coefficient was determined to be zero, based on a previous study. 4 The computer solution time per analysis ranged from 24 to 52 hours, and a total of 540 biomechanical analyses using the L-4 vertebrae of 30 individuals were performed.
insertional trajectory
We compared the TT and CBT for each lumbar vertebra (Fig. 1) . TT screws were inserted into the vertebral body along an anatomical axis of the pedicle and parallel to the vertebral endplate, using Weinstein's technique. 27 According to our previous morphometric study, the starting point for CBT was located at the lateral aspect of the pars interarticularis projecting in the 5 o'clock orientation in the left pedicle and the 7 o'clock orientation in the right pedicle, using the face of a clock for orientation. 20 CBT screws were inserted 10° laterally in the axial plane and 25° cranially in the sagittal plane. To achieve a simulation resembling a clinical situation, the TT screw was 6.5 mm in diameter and 40 mm in length, and the CBT screw was 5.5 mm in diameter and 35 mm in length. 19 Each screw was carefully placed in the appropriate position to prevent any cortical breaching and bicortical purchase into the anterior vertebral body because these two conditions may potentially influence screw fixation values.
comparison of Single pedicle Screw Fixation Strength
In each model, nonlinear FE analysis was performed. An incremental loading rate of 20 N/step was applied to the screw head, and the construction was full fixation in all directions at the surface of the superior and inferior vertebral endplates. Under loading conditions in the axis of the screw, the POS was defined as the load of a flexion point on a load-displacement curve just before an abrupt increase in displacement (Fig. 2) . Next, to evaluate the fixation strength of the screw-bone interface against multidirectional loading, up to 200 N loads were applied in the cranial, caudal, medial, and lateral directions perpendicular to the anteroposterior vertebral axis, and then screw stiffness was examined (Fig. 3A) .
comparison of vertebral Fixation Strength within a construct
Each vertebra was implanted with paired pedicle screws using the TT and CBT techniques. The construction involved full fixation at the bilateral screw heads, and a loading rate of 20 N/step was gradually applied to the vertebral body to induce each plane of motion, such as flexion, extension, lateral bending, and axial rotation (Fig.  3B) . Under destructive loading, the ultimate failure loads were determined from the load-displacement curve and defined as the load of a flexion point before a clear increase of the curve.
Statistical methods
Results are presented as means ± standard deviations.
Data were compared using paired t-tests. Pearson's correlation coefficient was used to analyze how screw fixation strength changes with BMD. Significance was defined as p < 0.05.
results comparison of Single pedicle Screw Fixation Strength
The mean POSs of TT and CBT screws were 1141 ± 330 N and 1376 ± 254 N, respectively (Fig. 4) . CBT demonstrated a 26.4% higher mean POS, which was statistically significant (p = 0. In terms of the multidirectional loading, medial/lateral stiffness was greater than cranial/caudal stiffness in both trajectories (Fig. 6 ). CBT demonstrated a mean 22% stronger stiffness in cranial load (TT: 1114 ± 558 N/mm; CBT: 1246 ± 566 N/mm; p = 0.36), 33.7% stronger stiffness in caudal load (TT: 1055 ± 529 N/mm; CBT: 1321 ± 580 N/mm; p = 0.06), 146% stronger stiffness in medial load (TT: 1550 ± 930 N/mm; CBT: 3500 ± 1697 N/ mm; p < 0.001), and 134.5% stronger stiffness in lateral load (TT: 1464 ± 934 N/mm; CBT: 3065 ± 1450 N/mm; p < 0.001) compared with the TT. Among different BMD parameters, BMD of the femoral neck had the strongest correlation with all fixation stiffness (Fig. 7) . Similarly, significant correlations were shown between the POS and multiaxial fixation stiffness for both trajectories ( Table 1) .
comparison of vertebral Fixation Strength within a construct
The CBT construct showed a mean 51% greater stiffness than the TT construct in flexion load (TT: 672 ± 204 N/mm, CBT: 989 ± 411 N/mm; p < 0.001) and 35% higher in extension load (TT: 659 ± 176 N/mm, CBT: 866 ± 273 N/mm; p < 0.001; Fig. 8 , Table 2 ). In lateral bending load, CBT demonstrated a mean 19.6% lower stiffness (TT: 2621 ± 1206 N/mm, CBT: 2049 ± 936 N/mm; p = 0.04), and 37.3% lower in axial rotation (TT: 4960 ± 2443 N/ mm, CBT: 2846 ± 1493 N/mm; p < 0.001). Positive linear correlations between vertebral fixation strength and BMD of the femoral neck were found in both techniques (Fig. 9 , Table 3 ). Vertebral fixation strength was also significantly correlated with each POS for both trajectories.
discussion
Multiple studies have been conducted to examine stability characteristics of pedicle screw systems using polyurethane foams, 4,5,13 animal spines, 16, 23 and human cadaveric spines. Although polyurethane foams have mechanical properties simulating human cancellous bone and offer the advantages of homogeneity and reproducibility, it is difficult to replicate the complex and 3D structure of the pediclevertebral body.
13 While animal models are useful in terms of sample size and may closely represent the mechanical and physiological human clinical situations, animal spines differ from human spines in terms of morphometric features such as vertebral geometry and the size and shape of the pedicle. 16 Therefore, the use of cadaveric spines is ideal to reflect human biomechanical and morphological conditions, and a lot of studies using cadaveric spines have provided significant knowledge about the biomechanical behavior of the screw-bone interface. However, there are some limitations that affect the validity of comparisons and cause biased study results, including wide individual variation of cadaveric bone quality and age, insufficient sample size, and reproducibility. To prevent such bias, we used the FE method to minimize sample variation for a fair comparison between the TT and CBT techniques. In addition to constructing a detailed geometrical structure of the vertebra, the FE method is a convenient and reproducible way of testing and reduces the expense, time, and effort of repeated mechanical tests. 4, 10 Santoni et al. reported that CBT screws (average 4.5-mm diameter and 29-mm length) demonstrated 30% greater uniaxial POS than TT screws (average 6.5-mm diameter and 51-mm length) using osteoporotic cadaveric lumbar spines (mean age 80.8 years). 22 Our results are compatible with their report and reveal that CBT screws (5.5-mm diameter and 35-mm length) had an average of 26.4% higher POS than TT screws (6.5-mm diameter and 40-mm length) overall. Moreover, it was also demonstrated that the superiority of CBT in axial pullout loading var- ied with BMD (Fig. 5) . Eleven of 30 subjects with femoral neck BMD of less than 0.6 g/cm 2 (mean age 71.9 years) demonstrated a 42.3% increase, while 8 of 30 subjects with femoral neck BMD of more than 0.8 g/cm 2 (mean age 49.2 years) demonstrated only a 6.9% increase. There was an increase in the CBT superiority with decreasing BMD. This difference may be explained by the fact that CBT screws anchored mainly in cortical bone are less influenced by the osteoporotic process than TT screws in cancellous bone. 19 With respect to the screw stability against multidirectional loading, Santoni et al. reported equivalent toggle characteristics of CBT compared with TT. 22 Contrary to this result, our study showed favorable strength of CBT, with an average of 27.8% stronger stiffness in cephalocaudal loadings (p < 0.05) and 140.2% stronger in mediolateral loadings (p < 0.001). Two factors appeared to cause these differences. One factor is that our testing involved noncyclic loading, and the other is that we used larger CBT screws with 5.5-mm diameters to achieve effective matching of the pedicle width and obtain more thread contact with cortical bone. Zindrick et al. showed that increases in the outer diameter of a screw enhance the fixation stability, 30 and Hirano et al. also concluded that the cortical fitness within the pedicle is essential for screw stability. 9 Lastly, vertebral fixation strength was examined using the paired-screw vertebral model. CBT had superior resistance to flexion/extension loading and inferior resistance to lateral bending/axial rotation. Regardless of BMD, these trends were universally identified, especially in axial rotation, and it appeared that the divergent and short lever arm construct of CBT was associated with this result. Our results are consistent with recent findings by Perez-Orribo et al., who undertook a biomechanical comparative study between CBT and TT screw-rod constructs using human cadaveric spines. 21 According to their report, the CBT construct provided almost the same stability as the TT construct; however, when the intervertebral disc was left intact or a transforaminal lumbar interbody fusion (TLIF) implant was used, significantly greater stiffness was observed with the use of TT during lateral bending and axial rotation. We recommend the TT rather than the CBT in cases that require bilateral total facetectomy, which makes the lumbar spine very unstable, especially in lateral bending and axial rotation. Several investigators have emphasized the importance of BMD for screw fixation strength.
6, 8 The current results confirm the same effect of BMD. Interestingly, the correlation coefficient of the femoral neck BMD was the highest among the 3 types of BMD parameters. This occurred because the presence of osteophyte formation, articular facet hypertrophy, and soft-tissue degeneration such as aortic calcification could influence the lumbar BMD data by DEXA, leading to overestimation of its true value.
3 What is particularly remarkable is that the POS of a single screw also contributed to the vertebral fixation strength of the construct.
From these biomechanical points of view mentioned above, we recommend two basic points to achieve better mechanical stability and high fusion rates using the CBT technique. One point is enhancing each screw's fixation within a construct. CBT is not only a transpedicular trajectory directed laterally, but also an exceptional trajectory engaging with denser cortical bone to the maximum extent. To obtain the best fixation strength, future elucidation of the optimal screw size and the ideal trajectory for CBT is needed. 20 The other point is to take countermeasures against torsional motion on the whole construct. The addition of crosslinks is one strategy, and previous studies have shown increased stiffness in lateral bending and axial rotation upon such an addition. 2, 17, 26 In addition, construct stiffness is also dependent on the grade of facetectomy, 1, 29 and the type, size, and orientation of the intervertebral cage. 7, 14, 25 Tsitsopoulos et al. performed a biomechanical analysis on a lumbar interbody fusion technique using cadaveric spines, and concluded that the greater stability of the TLIF construct was due to more anterior placement of the cage and preservation of the contralateral facet joint.
25
Placement of a large interbody cage anteriorly and preservation of posterior elements should be considered for enhancing construct stiffness.
There are some limitations to this study that should be mentioned. The FE method in our study is difficult to reproduce clinical preparation techniques for screw insertion, such as pilot hole size and pretapping hole size. The screw path of CBT is usually prepared using the same size tap as the planned screw to reduce the risk of cortical bone fissures during screw placement, while the screw path of TT is prepared using a tapping size smaller than the screw diameter. 19 These factors play important roles in pedicle screw fixation and may be topics of further consideration. 5, 23 A second limitation is that we used FE models of single segments of the vertebra. The multiple segment and screw-rod construct model provides a better representation of the actual situation. However, the inclusion of a motion segment requires more complex information on material properties and geometry of the intervertebral elements, leading to more complicated results. We believe that the models used in the present study are useful to prove the fixation strength of the inserted screws. Lastly, the loading conditions do not perfectly replicate in vivo loads acting on the screw, as the present FE models do not account for the effect of cyclic loads. Although we evaluated the POS and screw-bone stiffness as objective variables representing the fixation strength of the pedicle screw, Law et al. reported the importance of caudocephalad cyclic loading in the mechanism of pedicle screw loosening. 15 To simulate the real condition more precisely, further loading protocols are needed to elucidate the detailed biomechanical characteristics. In addition, it is unclear what level of stiffness is ideal for spinal fusion; therefore, more research with longterm clinical and radiological results is necessary.
conclusions
This study has clarified the fixation strength using the CBT technique. The CBT has superior fixation strength of each individual screw and sufficient stiffness in flexion and extension loadings within a construct. The TT construct is superior to the CBT construct during lateral bending and axial rotation. These results should be beneficial to spine surgeons in the selection of operative methods. 
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